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Background: Although the characterization of heat-denatured proteins is
essential for understanding the thermodynamic mechanism of protein folding,
their structural features are still unclear and controversial. In order to address
this problem, we studied the size and shape of the heat-denatured states of
bovine ribonuclease A (RNase A) and horse ferricytochrome c (cytochrome c)
by solution X-ray scattering.
Results: RNase A has four disulfide bonds, whereas cytochrome c, with a
covalently bound heme group, has no disulfide bond. Guinier plots show that
the heat-denatured RNase A is relatively compact, but the heat-denatured
cytochrome c is expanded. On the other hand, the Kratky plots of the two
proteins are similar, indicating that the heat-denatured proteins assume a
chain-like disordered conformation. The X-ray scattering of RNase A and
cytochrome c at various temperatures confirmed that their thermal transitions
from a globular native state to a chain-like extended conformation can be
approximated well by a two-state transition.
Conclusions: These results indicate that the heat-denatured RNase A and
cytochrome c are substantially unfolded according to the criteria of solution
X-ray scattering, although the heat-denatured RNase A remains compact
because of the presence of the disulfide bonds. The results also confirm that
the thermal denaturation occurs cooperatively with the breakdown of secondary
and tertiary structure.
Introduction
Cooperative unfolding transitions induced by various
methods such as denaturant, acid, or heat are useful for
considering the conformational stability of proteins [1,2].
By analyzing the unfolding transitions, we can estimate
the stability of proteins under physiological conditions and
understand the mechanism of protein folding. Among the
various unfolding transitions, thermal denaturation is
important because it yields thermodynamic parameters of
stability, such as the enthalpy and entropy changes of
protein folding. Such thermodynamic data from small
globular proteins has usually been interpreted by assum-
ing a two-state transition between the native state and the
random-coil-like denatured state, thereby establishing a
framework for the thermodynamic mechanisms of protein
stability [3,4].
Contrary to assumptions regarding the random-coil-like
denatured state [5], many studies suggest that heat-dena-
tured proteins retain significant structure. Bovine ribo-
nuclease A (RNase A) is one of the proteins whose
heat-denatured state has been studied extensively, but
the results are controversial. Heat-denaturation of RNase A
occurs cooperatively, consistent with a two-state transition
[3,4]. Several pieces of evidence, however, suggest that
heat-denatured RNase A is in a compact state with a sig-
nificant degree of residual structure [6–12]. On the basis
of the FTIR measurements, Seshadri et al. [11] have esti-
mated that the remaining α-helix and β-sheet content of
heat-denatured RNase A is 11% and 17%, respectively,
whereas that of the native state is 20% and 38%, respec-
tively. On the other hand, 1H–2H exchange experiments
by Robertson and Baldwin [9] have indicated that the
residual structure is not protected from 1H–2H exchange,
suggesting that the remaining secondary structures are
marginal and more disordered than those of the molten
globule states of proteins [13].
The stability of small globular proteins is determined
by a subtle balance between the native state and the
denatured state [1–4]. In order to understand the confor-
mational stability of proteins, it is important to character-
ize the denatured or intermediate states from various
viewpoints. The controversy surrounding heat-denatured
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RNase A described above prompted us to study its con-
formation by solution X-ray scattering. Protein folding is
the process by which an extended polypeptide chain
acquires maximal packing through the acquisition of
hydrophobic interactions and secondary structures [2].
Solution X-ray scattering is the best method available
today for describing the size and shape of the denatured
or intermediate states, although the structural resolution
is not high [14,15]. In the denatured states, which might
have marginal and fluctuating structures, size and shape
are particularly useful as defining features.
We focused on the size and globularity of the heat-dena-
tured RNase A and horse ferricytochrome c (cytochrome c;
Figure 1). Horse ferricytochrome c has no disulfide bonds,
but RNase A has four disulfide bonds, which might affect
its conformation. Using solution X-ray scattering, we also
studied the validity of the two-state approximation for the
thermal transitions.
Results
Circular dichroism spectra
According to the X-ray coordinates, the content of α helix,
β sheet and other structure in RNase A is 23%, 46% and
31%, respectively [16]. The content in cytochrome c is
40.8%, 0% and 59.2%, respectively [17]. The far-UV
spectra of the native states are consistent with this sec-
ondary structure content (Figure 2). The far-UV spectra of
the heat-denatured states at 70°C indicate that the sec-
ondary structures are substantially disordered. The spectra
of the denatured state (denatured with 4.0 M guanidine
hydrochloride; GdnHCl) are shown for comparison. The
difference in spectra between the heat-denatured state
and the GdnHCl-denatured state indicates the presence
of remaining secondary structure in the heat-denatured
states. The acid-denatured state of cytochrome c has
slightly less secondary structure than the heat-denatured
state (Figure 2b). These observations are consistent with
previous reports [6,8,9,11].
Guinier plot and Rg
The Guinier expression of solution X-ray scattering data
provides the radius of gyration, Rg, of a molecule [14,15].
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Figure 1
A schematic representation of (a) bovine ribonuclease A (RNase A;
PDB code 7rsa) and (b) horse ferricytochrome c (cytochrome c; PDB
code 1hrc) and their heat-denatured states. To emphasize the
compactness of each conformational state, a circle with a radius
corresponding to their Rg value was superimposed. It should be noted
that the heat-denatured state represents one of the ensembles of the
possible conformations and that the positions of possible persistent
secondary structures are unknown. The native states were drawn using
MOLSCRIPT [39] and RASTER3D [40] with the coordinates from the PDB.
Figure 2
CD spectra of various conformational states of (a) RNase A (pH 2.4)
and (b) cytochrome c (pH 2.9) in 10 mM glycine-HCl buffer. GdnHCl,
guanidine hydrochloride.
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From the Guinier plot, we obtained the Rg for various
states of RNase A and cytochrome c (Figure 3 and Table 1;
see also Figure 1). In all measurements, the linearity of the
Guinier expression was good enough to confirm the
absence of significant aggregations. All Rg data in Table 1
were those extrapolated to zero protein concentration. In
the present study, we obtained slightly larger Rg values
compared with Sosnick and Trewhella [10] for RNase A
(15.0 Å) and our previous result [18] for cytochrome c
(13.8 Å). This may be a result of the lower pH used in this
experiment, which causes stronger electrostatic repulsion.
In RNase A, the Rg values for the heat-denatured and
GdnHCl-denatured states are 20.1 Å and 25.9 Å, respec-
tively. The ratio (1.3:1.0) of Rg for the heat-denatured state
to Rg for the native state is smaller than the ratio (1.6:1.0) of
Rg for the GdnHCl-denatured state to the Rg of the native
state (Table 1). Similar results have been reported by
Sosnick and Trewhella [10]. Nicoli and Benedek [7] have
reported, based on data from light scattering spectroscopy,
that the ratio of the average radius of the heat-denatured
state to that of the native state is 1.18:1.0. The expansion
of the molten globule states of cytochrome c and apomyo-
globin relative to the native state in terms of Rg are about
1.3:1.0 [18–20], similar to that for the heat-denatured
RNase A. In contrast, for the molten globule states of
α-lactalbumin with four disulfide bonds, the expansion rel-
ative to the native state is 1.10:1.0 [21]. The heat-dena-
tured RNase A therefore has a compactness similar to the
molten globule states of proteins without disulfide bonds.
In the case of cytochrome c, the ratio of Rg for the heat-
denatured state to the native state is 1.6:1.0, which is
much larger than that (1.2:1.0) for the molten globule state
[18]. This result is in contrast to the corresponding value
(1.3:1.0) for RNase A. In the native state, Rg for RNase A
is 8% larger than that of cytochrome c, directly reflecting
the difference in molecular weight (13,700 Da for RNase
A and 12,360 Da for cytochrome c). On the other hand, Rg
values for the GdnHCl-denatured or heat-denatured
states of RNase A are smaller than those of cytochrome c
(Figure 1). From the measurements of intrinsic viscosities
and sedimentation coefficients of various proteins includ-
ing RNase A in concentrated GdnHCl, Tanford et al. [5]
have shown that the disulfide bonds impose physical
restrictions on an otherwise randomly coiled polypeptide
chain. It is probable that the disulfide bonds in RNase A
largely constrain the size of the heat-denatured states, as
well as the GdnHCl-denatured state. In accordance with
this consideration, Sosnick and Trewhella [10] reported
that a reduction of disulfide bonds in RNase A increases
Rg for the heat-denatured state. Thus, the compact
feature of the heat-denatured RNase A is not common for
the heat-denatured state of proteins. As is shown clearly in
cytochrome c, the heat-denatured states of proteins tend
to expand in the absence of disulfide bonds.
Kratky plot and globularity 
In protein folding studies, the importance of the Kratky plot
has been recognized because it can distinguish between the
compact globular conformation and the chain-like extended
conformation [14,15,18,20–23]. The scattering curve for the
globular conformation follows Porod’s law — I(Q) ∞ Q–4 —
at large values of Q and the scattering intensity from the
expanded chain molecule is proportional to Q–2 in the mod-
erate Q region and proportional to Q–1 in the high Q region.
Thus, the Kratky plot for the globular conformation shows a
clear peak, whereas the plot of a chain-like conformation
has a plateau and then rises monotonically.
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Figure 3
Guinier plots of solution X-ray scattering for the various conformational
states of (a) RNase A and (b) cytochrome c. The scattering curves at
infinite dilution obtained by extrapolation of the scattering data are shown. 
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Figure 4 shows the Kratky plots at various temperature for
RNase A and cytochrome c. The Kratky plot of RNase A at
65.8°C and that of cytochrome c at 65.4°C correspond to
the scattering curves for the heat-denatured states. For
both proteins, the heat-denatured states show no distinct
peaks, suggesting an extended chain-like conformation. Of
course, this does not mean that the heat-denatured state
has a random-coil conformation because the Rg values for
the heat-denatured states are much smaller than those
expected for the random-coil conformation. The Rg value
expected for a random coil of 104 amino acid is 39 Å [24].
The GdnHCl-denatured states are also more compact than
that expected for the random coil. On the other hand, the
molten globule state of cytochrome c is compact and its
molecular shape is globular as in the native state (Table 1).
Thus, in terms of the molecular shape measured by the
Kratky plot, the heat-denatured states have the chain-like
feature similar to the GdnHCl-denatured state and are
distinct from the native state or the molten globule state.
It is known that alcohols, in particular trifluoroethanol,
stabilize the α-helical state of proteins [25], including
cytochrome c [26] and hen egg-white lysozyme [27,28].
Although the helical content of the alcohol-stabilized state
is high, judging from the Kratky plot [26,28] it is extended
and chain-like, rather than globular. In other words, the
helical segments are substantially exposed to the solvent
and their tertiary fold may be fluctuating (open helical
structure [25,28]). The secondary structure content of the
heat-denatured RNase A and cytochrome c is much less
than the corresponding alcohol-stabilized helical states.
Nevertheless, the present results suggest that the heat-
denatured states are similar to the alcohol-induced helical
state with respect to their exposure to the bulk solvent
and the flexibility measured by the Kratky plot.
Thermal transition 
In order to clarify the temperature dependence of the mol-
ecular shape, we measured the scattering of RNase A and
cytochrome c at various temperatures and compared the
thermal transitions with those measured by CD (Figure 5).
The reversibility of the thermal transitions was checked by
examining the X-ray scattering or CD signals after return-
ing the samples to the starting temperatures. The transi-
tions were found to be quantitatively reversible (data not
shown). The thermal transition curve measured by solution
X-ray scattering was constructed by plotting the integrated
intensity of the Kratky plots (at the range shown by bars in
Figure 4) against temperature. It should be noted that the
fractions of both the native and heat-denatured states must
directly correlate with the I(Q), not Rg or Rg2. To minimize
the experimental errors, the far-UV and near-UV CD mea-
surements were carried out using the same stock protein
solutions used for the X-ray scattering measurements.
After subtracting the baselines, the normalized transition
curves were obtained. Clearly, for both RNase A and cyto-
chrome c, the transition curves derived from the Kratky
plots are very similar to those from the CD measurements.
These results indicate that the transition from the globu-
lar native state to the extended chain-like conformation
occurs simultaneously with the breakdown of secondary
and tertiary structure.
Singular value decomposition analysis 
To examine the validity of a two-state approximation from
a different viewpoint, we analyzed the Kratky plots by sin-
gular value decomposition (SVD). SVD analysis is a useful
approach for determining the minimum number of struc-
tural states in the transition by using a single set of spectra
[23,29]. The advantage of this method is that it is not nec-
essary to know the conformational properties of the native
or denatured state.
For both RNase A and cytochrome c, analysis of a set of
Kratky plots at various temperatures resulted in two large
singular values; the other values were negligible (Figure 6).
The reconstructed Kratky plots using only the first two
components are very similar to the original Kratky plot
(Figure 4). The global χ2 values from the original spectra
do not differ between the two-component and three-com-
ponent reconstructions (data not shown). Figure 5 shows
the dependencies of the intensity of these two components
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Table 1
Size and shape of various conformational states of RNase A and cytochrome c.
Protein State Conditions Rg (Å) Rg/Rg(N) Shape
RNase A Native 15°C, pH 2.6 15.7 ± 0.04 1.0 Globular
Heat-denatured 70°C, pH 2.4 20.1 ± 0.31 1.28 Chain-like
GdnHCl-denatured 4.0 M GdnHCl, 15°C, pH 2.6 25.9 ± 0.16 1.65 Chain-like
Cytochrome c Native 15°C, pH 3.2 14.5 ± 0.06 1.0 Globular
Heat-denatured 70°C, pH 2.8 23.1 ± 1.10 1.59 Chain-like
Acid-denatured 20°C, pH 2.0 24.2 ± 0.30* 1.67 Chain-like
GdnHCl-denatured 4.0 M GdnHCl, 15°C, pH 3.2 27.9 ± 0.40 1.92 Chain-like
Molten globule 0.5 M NaCl, 20°C, pH 2.0 17.4 ± 0.1* 1.20 Globular
*The data are taken from Kataoka et al. [18]. GdnHCl, guanidine hydrochloride.
on temperature, which correspond well with the transition
curves measured by other methods. Because the intensities
of these SVD components represent the fraction of the
denatured state in each Kratky plot, this agreement further
supports the two-state approximation.
Discussion
It is clear that the heat-denatured RNase A retains a resid-
ual secondary structure [7–11]. The 1H–2H exchange exper-
iments detected no significantly protected amide protons,
suggesting the absence of any specific hydrogen bonds in
the heat-denatured RNase A [9]. The solution X-ray scatter-
ing data of the heat-denatured RNase A presented here are
the first direct evidence that, although compact, this state is
chain-like as has been observed for the GdnHCl-denatured
state (Figure 1). The results are consistent with the absence
of stable hydrogen bonds in the heat-denatured RNase A.
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Figure 4
Kratky plots of solution X-ray scattering curves of (a) RNase A and
(b) cytochrome c at various temperatures and in the GdnHCl-
denatured state. The orders of temperatures correspond to the order
of intensities around Q = 0.1. The bars indicate the region integrated
to construct the transition curves. Circles indicate the singular value
decomposition (SVD) reconstructed curves using the first two
components. (a) Temperature dependency was measured at a protein
concentration of 11.8 mg ml–1 with 10 mM glycine-HCl buffer (pH 2.4).
The GdnHCl-denatured state was measured at the protein
concentration of 28.9 mg ml–1 in 4.0 M GdnHCl with the same buffer
at 15°C. (b) Temperature dependency was measured at a protein
concentration of 12.3 mg ml–1 with 10 mM glycine-HCl buffer (pH 2.9).
The GdnHCl-denatured state was measured at a protein concentration
of 20.8 mg ml–1 in 4.0 M GdnHCl with the same buffer at 15°C.
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Figure 5
Thermal transitions of (a) RNase A and (b) cytochrome c measured by
various methods. The lines are the theoretical curves for the CD
transition measured at 225 nm or 234 nm using Equation 1 and the
following parameters: (a) Tm = 39.5°C, ∆Hm = 240 kJ mol–1;
(b) Tm = 39.7°C, ∆Hm = 182.4 kJ mol–1.
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Recent NMR analysis of the denatured states of proteins
is important for considering the residual secondary struc-
ture in the heat-denatured states [30,31]. The spin–spin
coupling constants observed for the denatured proteins
are similar to the calculated intrinsic spin–spin coupling
constant from the database for the native structures. In
the native structure, a large number of amino acids have
the φ and ψ angles corresponding to α, β or turn struc-
tures. Thus, even in the denatured state, each amino acid
prefers to form a limited secondary structure. Because the
exchange between each angle can occur rapidly in a ran-
dom-coil structure, there should only be a small accumula-
tion of a particular secondary structure. From Monte Carlo
simulations using an amino acid specific distribution of
the φ and ψ angles, Fiebig et al. [32] generated the ensem-
bles of the random conformers for the unfolded lysozyme
fragments. The distributions of conformers indicate the
sequence-dependent well-defined maxima, in which only
α and β conformations were adopted with high probability.
They also predicted the NOE patterns using these ensem-
bles for the unfolded fragments. The predicted patterns
correlate remarkably well with experimentally observed
NOE patterns, suggesting the validity of their approach.
Although the quantitative analysis is not possible at
present, this may explain why the heat-denatured proteins
have residual secondary structure and why the level of
secondary structure depends on the protein species.
In addition, the evident differences of the Rg values bet-
ween the heat-denatured and GdnHCl-denatured states
(Table 1) suggest that nonspecific hydrophobic interac-
tions remain in the heat-denatured states of cytochrome c
and RNase A. Such hydrophobic interactions may, how-
ever, be too weak to produce the persistent helices, which
are resistant to the 1H–2H exchange. It is also possible
that some weak but specific interactions remain in the
heat-denatured states [33,34].
Finally, the present results confirm that the thermal tran-
sitions of RNase A and cytochrome c from the globular
native state to the chain-like extended conformation occur
simultaneously with the destruction of the secondary and
tertiary structures, indicating that the globular feature of
the native state is a cooperative element of the folding
transition of proteins.
Materials and methods
Materials
Bovine RNase A (type XII-A) and horse heart cytochrome c (type VI) were
purchased from Sigma and used without further purification. Stock protein
solutions (about 10 mg ml–1) for the measurements of thermal transitions
were prepared by dialysis against the buffer solution. In order to minimize
the experimental errors, we used the samples prepared from the same
stock solutions for solution X-ray scattering and CD measurements.
Protein concentrations were determined using ε= 1.01 × 104 M–1 cm–1 at
278 nm [35] for RNase A and ε= 1.06 × 105 M–1 cm–1 at 410 nm for
ferricytochrome c [36].
Solution X-ray scattering 
Solution X-ray scattering data were collected on the solution scattering
station (SAXES camera) installed at BL-10C, the Photon Factory,
Tsukuba, Japan [37]. The sample-to-detector distance was ~90 cm.
The instrument was calibrated with meridional diffraction of dried
chicken collagen. The sample cell was 50 µl in volume with a 15 µm
thick mica window, and a 1 mm path length. The protein concentrations
were varied from 4 mg ml–1 to 29 mg ml–1. The thermostatically con-
trolled cell folder was connected with a refrigerated bath circulator,
RTE-110 (Neslab). Temperature was monitored by a thermocouple
(Sensortek, BAT-12 with a flexible probe) directly attached to the
sample cell. The temperature was monitored and controlled by a per-
sonal computer. After preincubation for 20 min, the data were collected
for 10 min. Dialyzing buffers were used as backgrounds, which were
essentially independent of temperature.
Rg was estimated by the Guinier approximation, I(Q) = I(0)exp(–Rg2Q2/3),
where Q and I(0) are the momentum transfer and intensity at the zero
scattering angle, respectively [38]. Q is defined as Q = 4πsinθ/λ where
2θ and λ are the scattering angle and the wavelength of the X-rays
(1.488 Å), respectively.
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Figure 6
The basis scattering functions, U1, U2 and U3 in Kratky form from SVD
analysis for (a) RNase A and (b) cytochrome c. The curves are
weighted by their singular values. (a) 758.9 for U1, 42.8 for U2 and
16.2 for U3; and (b) 724.9 for U1, 127.9 for U2 and 19.5 for U3.
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Circular dichroism measurements
CD spectra were measured with a Jasco spectropolarimeter, Model
J-500A, as described [19]. The results were expressed as mean residue
ellipticities, [θ]. CD spectra of RNase A and cytochrome c were obtained
with a 0.2 mm cell at a protein concentration of 11.8 mg ml–1 and
12.2 mg ml–1, respectively. Thermal transitions were monitored at 225 nm
and 276 nm for RNase A and 234 nm and 282 nm for cytochrome c. The
temperature was increased at a rate of 0.5°C min–1 or 1°C min–1 and was
monitored with the same thermocouple as described above. In any case,
transitions were not affected by the rate of temperature increase. The
reversibility of the thermal transitions was checked by examining the ellip-
ticities after returning the samples to the starting temperatures. In all the
measurements, the reversibility was > 80%.
Thermal transitions measured by CD were simulated by:
∆G(T) = ∆Hm(1 – T/Tm) (1)
where ∆G(T) is the free energy change of denaturation at temperature
T, Tm is the midpoint of the transition and ∆Hm is the enthalpy change
for denaturation measured at Tm.
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